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EPRThe photo-induced oxidation of TyrZ and TyrD by P680•+, that involves both electron and proton transfer (PCET),
has been studied in oxygen-evolving photosystem II from Thermosynechococcus elongatus. We used time-
resolved absorption spectroscopy to measure the kinetics of P680•+ reduction by tyrosine after the ﬁrst ﬂash
given to dark-adapted PS II as a function of temperature and pH. The half-life of TyrZ oxidation by P680•+ in-
creases from 20 ns at 300 K to about 4 μs at 150 K. Analyzing the temperature dependence of the rate, one obtains
a reorganization energy of about 770 meV. Between 260 K and 150 K, the reduction of P680•+ by TyrZ is increas-
ingly replaced by charge recombination between P680•+ and QA•−. We propose that the driving force for TyrZ ox-
idation by P680•+ decreases upon lowering the temperature. TyrZ oxidation cannot be excluded in a minority of
PS II complexes at cryogenic temperatures.
TyrD oxidation by P680•+with a half-life of about 30 nswas observed at high pH. The pH dependence of the yield
of TyrD oxidation can be described by a single protonable group with a pK of approximately 8.4. The rate of TyrD
oxidation by P680•+ is virtually identical upon substitution of solvent exchangeable protons with deuterons in-
dicating that the rate is limited by electron transfer. The rate is independent of temperature between 5 K and
250 K. It is concluded that TyrD donates the electron to P680•+ via PD2.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Photosystem II (PS II) is a multi-subunit pigment–protein complex
embedded in the thylakoid membrane of plants, algae and cyano-
bacteria. It uses light energy to catalyze the electron transfer (ET)
from water to plastoquinone [1,2]. Light energy is captured by a large
antenna system consisting of chlorophylls and carotenoids and subse-
quently transferred to the reaction center where the energy is used to
create a charge-separated state [3]. The photo-oxidized electron donor
of PS II (P680•+) is one of the most powerful oxidizing species capableydroxyethyl)-3-amino-2-
toside; CAPSO, N-cyclohexyl-3-
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chlodder).of driving the oxidation of water to oxygen. The midpoint potential of
the couple P680•+/P680 has been estimated to be about +1.26 V [1].
The structure of dimeric PSII from thermophilic cyanobacteria has
been determined by X-ray crystallographic analysis to a resolution of
up to 1.9 Å [4–6]. PS II consists of 20 different subunits and contains
about 100 cofactors including 35 Chl a, 11 ß-carotene, 2 pheophytin a
(Pheo), two redox-active tyrosine residues, TyrZ (D1-Tyr161) and TyrD
(D2-Tyr160), theMn4Ca-cluster responsible for water oxidation, 2 plas-
toquinones (QA and QB), the non-haem-iron, one b-type (Cyt-b559) and
one c-type haem (Cyt-c550).
The D1 and D2 protein subunits coordinate the cofactors involved in
the light-induced electron transfer reactions. The central part of the RC
contains four Chl a and two pheophytin a. Two branches of cofactors,
related by pseudo-C2 symmetry, connect the dimer PD1–PD2 on the lu-
minal side and the plastoquinones. Each branch is composed of a so-
called accessory chlorophyll (denoted ChlD1 and ChlD2 in Ref. [5]), a
pheophytin a (PheoD1 and PheoD2) and one plastoquinone (QA and QB,
respectively). Towards the lumenal side, two redox-active tyrosine res-
idues are symmetrically located with respect to the pseudo-C2 symme-
try axis [7]. TyrZ (D1-Tyr161) and TyrD (D2-Tyr160) are about
equidistant to PD1 and PD2, respectively.
TyrZ is localized between P680 and theMn4Ca-cluster, andmediates
fast electron transfer between the two. Due to its large distance from the
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electron transfer reactions leading to the oxidation of water.
The absorption of light by PS II induces a transmembrane charge sep-
aration between the electron donor, which is composed of PD1 and PD2,
and the plastoquinone acceptor QA. The ultrafast electron transfer steps
leading to (PD1–PD2)•+QA•− are virtually activationless and temperature
independent. The oxidized donor (PD1–PD2)•+ is referred to as P680•+
in thiswork. Spectroscopic studies have provided evidence that the pos-
itive charge is strongly localized on PD1 [8–10].
P680•+ is reduced by the redox active tyrosine TyrZ (D1-Tyr-161),
which in turn accepts an electron from the oxygen-evolving Mn4Ca-
cluster (OEC). In intact oxygen-evolving PS II, the oxidation of TyrZ
occurs mainly on the nanosecond time scale with half-lives depend-
ing on the oxidation state Sn (n = 0,1,2,3) of the OEC. The half-lives
of the main kinetic phases are 20–40 ns in S0 and S1, whereas in
states S2 and S3 biphasic kinetics with t1/2 ≅ 50 ns and 260 ns was ob-
served [11]. TyrZ oxidation kinetics on the nanosecond time scale is
essentially pH independent between pH 5 and 7.5 and do not exhibit
a signiﬁcant H/D isotope effect [12–14]. A small fraction of TyrZ
(≤20%) is oxidized on the μs time scale. Especially, the amplitude of
a component with a half-life of about 35 μs varies as a function of
the S-state [15]. The amplitude is larger in the higher S-states, S2
and S3 [15]. The S-state dependence indicates that microsecond com-
ponents of TyrZ oxidation are also associated with intact oxygen-
evolving PS II. This assignment is, however, hampered by the fact that
any contamination of the sample with inactive PS II would also lead
to kinetic components on the μs time scale, since TyrZ oxidation is
slowed down by two or three orders of magnitude in PS II with
inactivated oxygen evolution. In inactive PS II, the rate of TyrZ oxidation
shows a characteristic pH dependencewith half-lives of≈30 μs at pH 4,
5 μs at pH 6.5 and 180 ns above pH 8.5 [16,17] and a kinetic H/D isotope
exchange effect [14,18].
The phenolic side chain of TyrZ is most likely protonated (TyrZ-OH) in
the reduced and deprotonated in the oxidized state (TyrZ-O•). This is to be
expected due to the pK values of the phenolic proton in aqueous solution:
pKred≈ 10 andpKox≈−2 andhas been supported by FTIR and EPR stud-
ies (see refs. [7,19–21] for reviews and references therein). This means
that a neutral radical is formed by the oxidation of TyrZ. This is supported
by the reduction potential of the redox couple TyrZ-OH•+/TyrZ-OH
(≈1.38 V in aqueous media and even higher for tyrosine buried within
a protein) [20], which is signiﬁcantly more positive than that of the
P680•+/P680 couple. The transferred proton is thought to be accepted
by D1-His190, which possibly forms a hydrogen bond to TyrZ (see refs.
[7,19–21] for a detailed discussion). The X-ray structure at 1.9 Å revealed
a remarkably short distance of 2.46 Å between the oxygen of TyrZ and Nε
of D1-His190 [6] indicating a strong hydrogen bond. Electrochromic ab-
sorbance changes as a result of the of TyrZ oxidation [10,22], EPR [23]
and, more recently, FTIR difference spectra [24] give strong evidence
that the phenolic proton is trapped at D1-His190 and that a positive
charge remains on this His during the lifetime of TyrZ• . The detailedmech-
anism of the proton-coupled electron transfer has been the subject of ex-
tensive discussion [25–28].
At 295 K the oxidation of TyrZ occurs with a half-life of about 20 ns
after the ﬁrst ﬂash given to dark-adapted oxygen-evolving PS II com-
plexes (i.e. when the oxygen evolving complex is present predominantly
in the S1 state prior to the ﬂash) [11,12]. Frommeasurements in the tem-
perature range between295Kand250K, an activation energy of about 10
kJ/mol (105 meV) was obtained for this electron transfer step by Eckert
and Renger [29]. An extrapolation to lower temperatures gives the result
that at least up to 100 K the half-lives for the reduction of P680•+ by TyrZ
(1 μs at 150K/60 μs at 100K) should be signiﬁcantly shorter than the half-
life of charge recombinationbetweenP680•+andQA•−which is about 3ms
at T ≤ 200 K [30,31]. Only below 70 K, the extrapolated half-lives for TyrZ
oxidation becomes slower than 3 ms and charge recombination would
outcompete tyrosine oxidation. Remarkably, observations by absorbance
difference spectroscopy are not consistent with this extrapolation,because charge recombination between P680•+ and QA•− becomes the
dominant process after ﬂash excitation already below 200 K [31].
On the other hand, so-called metalloradical EPR signals of TyrZ have
been detected in intact oxygen-evolving PS II after illumination at
helium temperatures during recent years (for reviews see refs. [7,32,
33]). These signals have been assigned to the light-induced formation
of the neutral oxidized TyrZ radical that interacts magnetically with
the Mn4Ca-cluster. Since S-state progression is blocked at cryogenic
temperatures, the decay of the SnTyrZ• (n = 0, 1, 2) split signal with a
half-life of about 130 s was attributed to charge recombination with
QA•− at cryogenic temperatures [34]. Based on EPR studies, TyrZ oxida-
tion has been estimated to occur in 15–50% of the PS II complexes at
cryogenic temperatures [35,36].
The second redox-active tyrosine residue TyrD (D2-Tyr160) is also ox-
idized by P680•+ at room temperature. Although the distances between
TyrD–PD2 and TyrZ–PD1 are similar (edge-to edge distance ≈ 9.0 Å),
TyrD is oxidized with a half-life of a few tens of milliseconds between
pH 5 and 7.5 [37]. Therefore, TyrD is not competitive to TyrZ as electron
donor to P680•+. The main reason is most likely the strong localisation
of the positive charge on PD1 and the signiﬁcantly larger TyrD–PD1 dis-
tance of about 16 Å. In addition, the environment of TyrD [6] might be re-
sponsible for functional differences to TyrZ, e.g. a less positive midpoint
potential of about 700–800 mV [38,39]. Like TyrZ, it is thought that TyrD
is protonated in the reduced state at physiological pH values and that a
hydrogen bonded neutral tyrosyl radical is formed upon oxidation. It
has been supposed that either D2-His189, the symmetrical counterpart
to D1-His 190, [40] or a water molecule proximal to TyrD, that has been
identiﬁed in the 1.9 Å structure [6], accepts the phenolic proton
[41–43]. TyrD is involved in redox equilibration between the components
on the donor side, TyrD P680 TyrZ Sn(Mn4Ca), [1,2,7]. In the higher oxida-
tion states, S2 and S3, the Mn4Ca-cluster can oxidize reduced TyrD within
a few seconds, whereas slow oxidation of the S0-state to the S1-state oc-
curs by oxidized TyrD on the time scale of hours. As a result TyrD becomes
completely oxidized in the light. After dark adaption for hours, the reac-
tion TyrD• S0 → TyrDS1 occurs in about 25% of PS II provided that the S-
states are equally populated during illumination. The other 75% of TyrD
remain in the oxidized state and give rise to the “stable” EPR signal IIDark
[7,19].
With increasing pH values a fast component (t1/2 ≅ 190 ns) of TyrD
oxidation by P680•+ has been found at room temperature [44]. The ob-
served pH-dependence of its amplitude can be described by a single
protonable group with a pK of approximately 7.6 [44–46]. Only at
alkaline pH values, oxidation of TyrD has also been found at cryogenic
temperatures [45,46] indicating an activationless electron transfer.
However, a study of the rate as function of temperature and an investi-
gation of H/D isotope effects on the kinetics of TyrD oxidation is still
missing.
In this work, the temperature dependence of the reduction kinetics
of P680•+ by TyrZ has been analyzed in dark adapted PS II from
Thermosynechococcus elongatus with the Mn4Ca-cluster in the S1 state
throughout the full temperature range from 320 K to 5 K. Furthermore,
the reduction of P680•+by TyrD has been studied as a function of pHand
temperature in the range between 320 K and 5 K in PS II with pre-
reduced TyrD. Additionally, H/D isotope effects on the kinetics of TyrD
oxidation have been investigated. Both TyrZ and TyrD oxidation involves
the coupled transfer of an electron and a proton to different acceptors. It
is discussed whether the reactions occur by a sequential or a concerted
mechanism.
2. Materials and methods
2.1. Samples
O2-evolving PS II core complexes of T. elongatuswere prepared as de-
scribed previously [47]. Puriﬁed PS II complexes at a concentration of 3–
4mM chlorophyll awere stored at−80 °C either in 20mMMES-NaOH,
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Fig. 1. Time-course of the reduction of P680•+ after the ﬁrst ﬂash given to a dark-adapted
sample of oxygen-evolving PS II from T. elongatus at 307 K. The formation and decay of
P680•+ is monitored by the absorbance change at 830 nm, where the radical cation
P680•+ absorbs. The decay in the ns time range is dominated by an exponential phase
with a half-life of about 20 ns. Figure inset shows the relative amplitude of the ns decay
component as function of the glycerol concentration.
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after puriﬁcation by crystallization in 100 mM PIPES-NaOH, pH 7.0,
10 mM CaCl2, 0.03% β-DM, 0.5 M Betaine. For (transient) absorbance
measurements, the concentrated PS II sample was thawed and diluted
by the reaction medium containing 50 mM buffer, 10 mM MgCl2,
10 mM CaCl2, 10 mM KCl and 0.02% (w/v) β-DM. The following buffers
were used: at pH 6.5 MES (pK 6.15); at pH 7.0 PIPES (pK 6.8); at pH 7.5
HEPES (pK 7.55); at pH 8.0 Tricine (pK 8.15); at pH 8.5 TAPS (pK 8.4); at
pH 9.0 AMPSO (pK 9.1) and at pH 9.5 CAPSO (pK 9.6).
To achieve reduction of TyrD ferricyanide, K3[FeIII(CN)6] and ferrocya-
nide, K4[FeII(CN)6] with equal concentrations ranging from 1–8mMwere
added to the sample, which was then dark-adapted for 2 h at room tem-
perature before themeasurement. Alternatively TyrD was reduced by ad-
dition of 5mMascorbate/5 μMPMS to the sample. In a different approach,
PS II complexes at a concentration of about 0.5mMChlwere ﬁrst incubat-
ed at pH 8.5–9 in the presence of 6mMK3[FeIII(CN)6]/6mMK4[FeII(CN)6]
for two hours at room temperature and then diluted for the measure-
ments to about 25 μM Chl in the reaction media at different pH values
(see above). For H2O/D2O exchange experiments, the storage medium
of the concentrated PS II samples were exchangedwith deuterated buffer
using Vivaspin centrifugal concentrators (Sartorius, Göttingen, Germany).
Aliquots of these samples were stored at−30 °C. Buffers, detergent and
redox mediator solutions, used to dilute the concentrated PS II samples
for measurements, were prepared with D2O. Deuterated glycerol was
used for low temperature experiments. The difference in sensitivity to
H+ and D+ ions of the pH-meter glass electrode have been taken into ac-
count. The pD of deuterated buffer was calculated by adding 0.4 units to
the pH meter reading [48].
Manganese-depleted PS II particleswere prepared by Tris treatment.
Intact O2-evolving PS II complexeswere incubated under room light at a
concentration of about 0.5 mM Chl for 15 min at room temperature in
the presence of 0.8MTris at pH 8.8. Tris and freeMnwere removed sub-
sequently by a gel ﬁltration using PD-10 columns by Pharmacia with
Sephadex G 25 M. The incubation medium was exchanged by the reac-
tion medium (pH 6.5).
For low temperature measurements glycerol was added to give a
ﬁnal glycerol concentration of 60% (v/v) and the plastic cuvette (optical
path length = 1 cm) was placed in a continuous ﬂow helium cryostat
(Oxford CF 1204) or a variable temperature liquid nitrogen bath cryo-
stat (Oxford DN1704).
Light-minus-dark absorbance difference spectrawere recordedwith
data intervals of 0.1 nm, a scan speed of 60 nm/min and a spectral band-
width of 1 nm on a Cary 1E UV/Vis-spectrophotometer. The difference
spectra were obtained by subtracting the absorbance spectrum of the
dark-adapted state from that after illumination either by ﬂashes from
a Xe-ﬂash lamp or by continuous white light from a 250 W tungsten
lamp.
2.2. Transient absorbance spectroscopy
Laser-ﬂash induced absorbance changes (ΔA) at 830 nm due to the
formation of the Chl radical cation P680•+ were measured as described
previously [31]. We used a cw laser diode (HITACHI HL 8318G) asmea-
suring light source. The beam from the laser diode is focused through
the sample onto the photodiode located at a large distance from the
sample to suppress ﬂuorescence and scattered light from the sample.
Formeasurements in the nanosecond range, the detection system (pho-
todiode FND-100 from EG&G; ampliﬁer IV86 from HMI; transient re-
corder Tektronix TDS 540B, sampling rate 2GS/s) had an electrical
bandwidth of 500 Hz–200 MHz. In the micro- and millisecond range
the ampliﬁer HVA-10 M-60-F from FEMTO has been used. The samples
were excited by non-saturating laser ﬂashes at 532 nmwith a pulse du-
ration of 3 ns (Nd-YAG laser YG411 from Quantel). The optical path for
the excitation ﬂashes was 4 mm.
At 830 nm the absorption of the sample is virtually zero. Therefore,
an excellent signal-to-noise ratio can be achieved even in single-ﬂashexperiments using (a) high measuring light intensities without any ac-
tinic effect and (b) high chlorophyll concentrations between 30 and
70 μM.
Thedecay kineticswas analyzed by a sumof exponential decay com-
ponents minimizing the sum of squares of the weighted residuals.
2.3. EPR spectroscopy
EPR spectra in the 9.3 GHz X-band were acquired with an ESP300E
spectrometer (Bruker, Germany) using the EIP Model 371 frequency
counter (Microwave Inc.) and a rectangular microwave cavity (with
the TE102 mode). The resonator contained slits to allow light excitation
of the sample. Illumination were performed either by laser ﬂashes or
by cw white light from a 150 W tungsten lamp ﬁltered by a 10 cm
water ﬁlter and focused by a lens.
Samples (typically 100 μl with a chlorophyll concentration of about
2 mM) were placed in quartz tubes with an outer diameter of 4 mm
from SpintecRototec. They contained between 50 and 60% glycerol
(see ﬁgure legend). The samples were frozen in cold ethanol at about
220 K and immediately transferred into an Oxford EPR 900 helium
ﬂow cryostat that allows low temperature measurements between 5 K
and 200 K (Oxford ITC4). Freezing of EPR samples, transfer into the
EPR cryostat and measurements were performed in the dark. G-values
were calibrated using a Li/LiF standard (g= 2.002293) [49]. Measuring
conditions are given in the ﬁgure legends.
Quantiﬁcation of EPR signals fromTyrD• , (Car/Chl) •+was obtained by
double integration of the signals. As is generally accepted, it was addi-
tionally assumed that photochemistry at cryogenic temperature is re-
stricted to one turnover, because electron transfer from QA to QB is
blocked. Hence, a maximum of one radical (sum of Tyr•, Car•+, Chl•+
and Cyt-b559•+) can be generated by photo-oxidation in each PS II.
3. Results
3.1. Temperature dependence of TyrZ oxidation in intact oxygen-evolving PS
II complexes
The kinetics of TyrZ oxidation has been studied indirectly by moni-
toring the reduction of P680•+. Fig. 1 shows the time course of the
absorbance change at 830 nm after the ﬁrst ﬂash given to a dark-
adapted sample of PS II with high oxygen-evolution activity (denoted
as active PS II) at T = 307 K. The ﬂash-induced absorbance increase is
assigned to the formation of the radical chlorophyll cation P680•+,
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Fig. 3. Amplitude of the ns decay component of P680•+ derived frommeasurements such
as those shown in Fig. 2 as a function of temperature. The amplitude is a measure of the
yield of P680•+ reduction by TyrZ. The reduction of P680•+ by TyrZ decreases in the
range from 250 K to 150 K and is increasingly replaced by the charge recombination of
P680•+ with QA•− (for details see text). In the inserted ﬁgure, the rate of P680•+ reduction
by TyrZ is plottedon a logarithmic scale as a function of the reciprocal of temperature in the
range between 320 K and 120 K. The different colored symbols represent different sets of
measurements.
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described by an exponential phase with a half-life of about 20 ns as re-
ported earlier for the oxidation of TyrZ in PS II, if the Mn4Ca-cluster is in
S0 or S1 prior to the ﬂash [11,12]. In dark-adapted PS II, the S1 state is
predominantly populated.
The relative amplitude of the 20 ns component corresponds to about
80%. Slower decay components on the μs time scale corresponding to
about 20% (not shown) might indicate relaxation processes stabilizing
the product state P680TyrZ• [14,50]. A small percentage of inactive PS II
would also contribute to μs phases.
For low temperature studies, glycerol has to be added to the sample
(N 50%) to obtain a transparent glass at cryogenic temperature. There-
fore, the effect of glycerol on PS II activity has been analyzed. The ampli-
tude of the ns decay component decreases slightly with increasing
glycerol concentration (see Fig. 1 inset), while the amplitude of the
slow (μs-) decay phases increases. At a glycerol concentration of 60%
(v/v), which was necessary for the low temperature experiments, the
amplitude of the ns decay component accounts for about 50–55% of
the decay.
To study Tyr oxidation at low temperatures, we had to overcome an
experimental challenge. Absorbance changes have to be measured
time-resolved in the nanosecond range after the ﬁrst single ﬂash given
to the frozen, dark-adapted sample. Fig. 2 shows the kinetics of
P680•+ reduction at selected temperatures.
The half-life of thens decay after theﬁrstﬂash given to dark-adapted
PS II complexes increases from 20 ns at 300 K to about 500 ns at 180 K.
The amplitude of the ns decay component, indicating the yield of
P680•+ reduction by TyrZ, decreases strongly upon lowering the tem-
perature below 250 K. The results are presented graphically in Fig. 3
and its inset. In the inset of Fig. 3, the rate of P680•+ reduction by the
redox active tyrosine TyrZ is plotted on a logarithmic scale as a function
of the reciprocal of temperature in the range between 320 K and 120 K.
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Fig. 2. Time-course of the reduction of P680•+ after the ﬁrst ﬂash given to a dark-adapted
sample of oxygen-evolving PS II from T. elongatus at selected temperatures. The half-life of
the ns decay component increases from 20 ns at 300 K to about 500 ns at 180 K. temper-
atures. Note the different time scales of Fig. 2A and B.corresponding to 11.8 kJ/mol has been determined for the electron
transfer from TyrZ to P680•+.
This value is in good agreement with the activation energy deter-
mined by Eckert and Renger [29] from measurements in the relatively
narrow temperature range between 295 K and 250 K. The temperature
dependence of the rate has been described by non-adiabatic electron
transfer theory (see Refs [20,21,51] and Discussion).
The amplitude of the ns decay phase corresponding to the yield of
TyrZ oxidation decreases in the temperature range between 250 K and
150 K (see Fig. 3). The maximum amplitude at 300 K was set equal to
100%. The amplitude has dropped by about half at 200 K and is approx-
imately zero below 100 K. Measurements on a slower timescale show
that in the range from 250 K to 150 K the reduction of P680•+ by TyrZ
isincreasinglyreplacedbythechargerecombinationofP680•+with
QA•− (not shown). This cannot be explained by a kinetic competition be-
tween forward electron transfer QA•−P680•+TyrZ → QA•−P680TyrZ• and
charge recombination QA•−P680•+TyrZ → QAP680TyrZ. The half-life of
charge recombination decreases in the temperature range between
room temperature and 200 K from about 170 μs to about 3 ms and is
nearly temperature-independent below 200 K [30,31]. The rate of
charge recombination at 200 K is therefore at least by a factor of 1000
slower than electron donation by TyrZ with t1/2 ≅ 250 ns at 200 K. It
should be mentioned that the temperature dependence of the yield of
S2-state formation by the reaction TyrZ• S1⇔ TyrZS2 is very similar to
that of Tyr oxidation [52,53]. This indicates that the inhibition of the for-
mation of S2 ismost likely due to the fact that the Tyr oxidation becomes
impossible upon lowering the temperature.
Two explanations may be proposed to account for the result: (a) A
functional heterogeneity of PS II due to frozen conformational substates
arises in the temperature range around 200 K. (b) The formation of the
product state P680TyrZ• becomes unfavorable around 200 K due to a de-
crease of the driving force. In other words, the equilibrium constant for
the reaction P680•+TyrZ⇔ P680TyrZ• decreases upon lowering the tem-
perature [see Discussion].
To clarify this pointwe have exposed the sample to a series ofﬂashes
at 200 K. The kinetics of the ﬂash-induced absorbance changes at
830 nm has been analyzed as a function of the ﬂash number. In Fig. 4,
the initial amplitude ΔA0 (see red triangles and left scale) and the am-
plitude of the ns-decay phase ΔAns (see blue dots and right scale) are
depicted as function of the ﬂash number. The amplitude of the ns
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Fig. 5. Light-minus-dark absorbance difference spectra at 77 K for PS II with Cyt-b559 in
the oxidized or reduced state. The spectra were obtained by subtracting the absorbance
spectra in the dark-adapted state from those after illumination with 68 ﬂashes provided
by a Xe-ﬂash lamp. Both absorbance difference spectra have been normalized to the
same amplitude of the band shift centered at 543 nm attributed to the formation of QA•−.
1287E. Schlodder et al. / Biochimica et Biophysica Acta 1847 (2015) 1283–1296component decreases fromﬂash toﬂash by about 50% anddrops to zero.
In parallel, the initial amplitude decreases to a level of about 50%. The
data suggest that TyrZ can be oxidized in all active PS II centers of the
sample after a few ﬂashes. This result argues against functional hetero-
geneity. The oxidized TyrZ subsequently oxidizes the Mn4Ca-cluster
from S1 to S2 [53]. The fraction of active PS II centers is set equal to the
relative amplitude of the ns decay phase observed with the same sam-
ple at room temperature (about 50% in the presence of 60% glycerol).
The decrease of the initial amplitude can be explained by the accumula-
tion of the long-lived state QA•−P680TyrZS2 (see Discussion).
3.2. TyrZ oxidation at cryogenic temperatures
Below80K, TyrZ oxidation is no longer detectable (see Fig. 3). This is
the case for two reasons. As shown above, the reaction is thermody-
namically unfavorable below 150 K (see also discussion). Furthermore,
TyrZ oxidation becomes kinetically unfavorable lowering the tempera-
ture below 80 K, because the extrapolated rate becomes slower than
the competing charge recombination. Therefore, reduction of P680•+
occurs almost exclusively by charge recombination with QA•− [30,31].
In addition, P680•+ is reduced by electron transfer from side path do-
nors (Cyt-b559, Car, ChlZ) to P680•+ that occurs in competition to
charge recombination with low yield. After the ﬁrst ﬂash given to a
dark-adapted PS II sample, long-lived states as e.g. QA•−P680Cyt-
b559•+, QA•−P680Car•+, QA•−P680ChlZ•+ are formed in less than 10% of
the PS II centers [31,54]. The accumulation of these long-lived states
can be monitored by the decrease of the ﬂash-induced absorbance
changes attributed to the formation of P680•+QA•− from ﬂash to ﬂash,
if the sample is exposed to a series of ﬂashes. The amplitude of the
ﬂash-induced absorbance changes drops to about 20% of that observed
after theﬁrstﬂash, if the sample is excited by saturatingﬂashes at a rep-
etition rate of 4 s−1 [31]. This indicates that a long-lived oxidized state
can be trapped on the donor side in about 80% of the PS II complexes.
Which of the long-lived state is formed, depends on the initial redox
state of Cyt-b559. If cytochrome-b559 is initially reduced, state [QA•−
P680 Cyt-b559•+] is accumulated in the majority of the centers. The
blue trace in Fig. 5 shows a light-minus-dark absorbance difference
spectrum between 400 nm and 1050 nm at 77 K for PS II with Cyt-
b559 in the reduced state. The spectrum is obtained by subtracting the
absorbance spectrum in the dark-adapted state from that after illumi-
nation. Reduction of QA is indicated by the electrochromic shift of the
Pheo QX band centered at 543 nm (the so-called C550 shift [55]), oxida-
tion of Cyt-b559 by the absorbance increase at 423 nm, the strong
bleaching of the Soret band at 429 nm and the absorbance decrease at
557 nmdue to the bleaching of theα band of Cyt-b559. In the QY region,
the electric ﬁeld of QA•− and Cyt-b559•+ induces electrochromic shifts of
Chl a and Pheo a QY absorption bands. In the range between 450 and520 nm band shifts of ß carotenes are observed. The red trace in Fig. 5
shows a light-minus-dark absorbance difference spectrum at 77 K for
PS II with Cyt-b559 in the oxidized state. The characteristic spectral fea-
tures indicate the reduction of QA causing the band shift centered at
543 nm(C550 shift) and the oxidation of Car and of Chl. Car•+ formation
leads to the strong absorbance increase around 1000 nm and an absor-
bance decrease at 459, 491 and 518 nm. Chl oxidation can bemonitored
by the bleaching of bands in the Soret (433 nm), in the QX - (610 and
624 nm) and in the QY-region (665 nm).
In the Qy-region, the ΔA spectrum additionally exhibits electro-
chromic band shifts of nearby Chl a and Pheo a pigments induced by
the electric ﬁeld of QA•− and (CarChl)•+. The absorbance increase in the
NIR (700 nm–900 nm) is dominated by the short-wavelength tail of
the absorption band assigned to the Car radical cation. The linear di-
chroism of the 1000 nm band (see Fig. S2) shows that the oxidized
Car is oriented parallel to the membrane plane which is in agreement
with the orientation of CarD2. The linear dichroism measurements
were performed as described in [56] with PS II complexes oriented in
squeezed gelatine gels.
The oxidized Chl is assigned to ChlzD2, which is closest to CarD2 (no-
menclature as in Ref. [5]). Both absorbance difference spectra have been
normalized to the same amplitude of the band shift centered at 543 nm
attributed to the formation of QA•−.
Quantiﬁcation of the amount of side path donors oxidized by illumi-
nation at cryogenic temperatures is hampered by the lack of accurate
difference extinction coefﬁcients Δε. Values of 105 M−1 cm−1 [57],
1.3 · 105M−1 cm−1 [58] and 2.18 · 105M−1 cm−1 [59] have, for exam-
ple, been reported for the extinction coefﬁcient of the carotenoid radical
cation around 1000 nm. The reduced-minus-oxidized difference extinc-
tion coefﬁcient in theα-band of Cyt-b559 at room temperature has been
reported to be 2.5 · 104M−1 cm−1 [60]. At 77K, our determination gave
a Δε value of 4 · 104 M−1 cm−1 (see Supporting information; Fig. S1).
The smaller width of the α-band at low temperature is most likely the
reason for the larger Δε value [54]. The reduced-minus-oxidized differ-
ence extinction coefﬁcient in the Soret band of ChlzD2 is not known. A
value of about 5.0 · 104 M−1 cm−1 seems to be reasonable based on
the Δε value for oxidation of Chl a in 3:1 CH2Cl2/tetrahydrofuran at
room temperature [61] and the Δε value for the oxidation of P680 at
78 K [31].
To estimate the yield of oxidized ß-carotene, ChlzD2 and Cyt-b559,
we use difference extinction coefﬁcients of 130,000 M−1 cm−1 at
1000 nm, 50,000 M−1 cm−1 at 433 nm, and 40,000 M−1 cm−1 at
557 nm.When Cyt-b559 is reduced before cooling, Cyt-b559 is oxidized
upon illumination in up to 70% of the PS II complexes (see also Fig. S2),
in about 15% formation and decay of QA•−P680•+ occurs reversibly. The
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cates the oxidation of Car, and probably also ChlzD2 in about 5–10%.
When Cyt-b559 is oxidized before cooling, the estimation yields oxida-
tion of Car in about 30% and of ChlzD2 in about 60% of the PS II com-
plexes. Since long-lived charge-separated states cannot be trapped in
up to 20% of the PS II complexes (see above), it seems that the numbers
for Car•+ and ChlZ•+ formation are slightly overestimated.
Under both conditions, the amount of oxidized side path donors ac-
counts for the amount of reduced QA. Despite the considerable error of
difference extinction coefﬁcients, it is clear that the oxidation of alterna-
tive donors as e.g. TyrZ can only occur in a minority of PS II complexes
(≤10%).
On the other hand, so-calledmetalloradical EPR signals have been de-
tected in intact oxygen-evolving PS II after illumination at helium tem-
peratures during recent years (for reviews see refs. [7,32–36]). These
signals have been assigned to the light-induced formation of the neutral
oxidized TyrZ radical that interacts magnetically with theMn4Ca-cluster.
In order to check whether an alternative donor is predominantly oxi-
dized in the ﬁrst few ﬂashes, we measured the increase of QA•−, Car•+,
ChlZ•+ and Cyt-b559•+ formation from ﬂash to ﬂash. The yields of QA re-
duction and Car/Chl/Cyt-b559 oxidation have been taken from the re-
spective ΔA values at the appropriate wavelengths (see above). After
normalization to the yield after 68 ﬂashes, the results are depicted in
Fig. 6. The data demonstrate that the amount of Car/Chl/Cyt-b559 oxida-
tion increases in parallel to the amount of QA reduction over the whole
range. This ﬁnding is consistent with the model that P680•+ oxidizes
CarD2 and that Car•+, in turn, oxidizes Cyt-b559 or ChlZ depending on
the redox state of Cyt-b559 [62,63]. Fig. 6 support the conclusion that al-
ternative reaction pathways other than Car/Chl/Cyt-b559 oxidation can
exist only in a minority of PS II complexes. To ﬁnd out the reason for
the discrepancy with reported yields of TyrZ oxidation between 15 and
50% at cryogenic temperatures [35,36]. derived from EPR spectra, we
used also EPR spectroscopy to characterize the side path donors (not
shown).0,0
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Fig. 6. Yields of QA reduction and Car/Chl/Cyt-b559 oxidation as a function of the ﬂash
number up to 68 ﬂashes and after cw illumination. The increase of QA•−, Car•+, ChlZ•+ and
Cyt-b559•+ formation from ﬂash to ﬂash has been taken from the respective ΔA values
at the appropriate wavelengths (for details see text and Fig. 5). The data have been nor-
malized to the yield after 68 ﬂashes.Fig. S3 in the supplementarymaterial displays difference EPR spectra
(spectrum recorded during illumination minus the spectrum recorded
before illumination) of PS II from T. elongatus. The difference spectra ex-
hibit EPR signals that can be assigned to high-potential photooxidized
Cyt-b559 with turning points at gz = 3,04, gy = 2,17 and gx = 1.42
and to photooxidation of Car and/or Chl (the narrow radical-signal at
g = 2). Additionally a split radical EPR signal at g = 2.037 is observed
which has been attributed to an oxidized TyrZ radical in magnetic inter-
actionwith the S1 state [32–36]. The EPR signal intensity of the split sig-
nal, assigned to the TyrZ radical that interacts magnetically with the
Mn4Ca-cluster, cannot be used for an estimate of the amount of TyrZ
which is oxidized. Therefore, we have used the signals from the other
oxidized species (Car•+/ChlZ•+, Cyt-b559•+) to estimate their amount.
The amount of all other oxidized species always was ≥ 0.8 radicals per
PS II. Additionally, one has to consider that long-lived charge-
separated state cannot be trapped in up to 20% of the PS II complexes.
Since only one photochemical charge separation is possible upon illumi-
nation at cryogenic temperatures, the split signal accounts for less than
10% of the PS II complexes in accordance with the estimation based on
absorbance difference spectra described above.
3.3. Temperature dependence of TyrD oxidation in intact oxygen-evolving
PS II complexes
Whereas TyrZ acts as an intermediate redox component between the
photo-oxidized P680 and the Mn4Ca-cluster, TyrD is stable in the oxi-
dized form as a neutral radical and is not directly involved in the light
induced primary reactions leading to the oxidation of water. Rapid oxi-
dation of reduced TyrD by P680•+ has been reported at alkaline pH
values [44]. Oxidation of TyrD results in the formation of the neutral rad-
ical TyrD• , that has a single H-bond to the ε-nitrogen of D2-His198
[64–66]. In this work we analyzed the temperature and pH dependence
of the reduction kinetics of P680•+ by TyrD in PS II from T. elongatus
throughout the full temperature range from 320 K to 5 K and studied
H/D isotope effects.
Fig. 7 shows the time course of ﬂash-inducedΔA at 830 nm after the
ﬁrst ﬂash given to dark-adapted PS II samples at pH 6.5 (blue) and pH 9
with TyrD in the oxidized state (red) and at pH 9with pre-reduced TyrD
(green) (T = 78 K). In untreated PS II with TyrD in the oxidized state
(blue and red trace), ﬂash-induced absorbance changes do not decay
on the ns- to μs-time scale. P680•+ is predominantly reduced in the-60 0 60 120 180 240 300 360
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Fig. 7. Flash-induced absorbance change at 830 nm after the ﬁrst ﬂash given to dark-
adapted PS II samples at pH 6.5 (blue) and pH 9 (red) with TyrD in the oxidized state
and at pH 9 with pre-reduced TyrD (green); T = 78 K.
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for pH 6.5.With pre-reduced TyrD, up to 60% of the photo-oxidized P680
is reduced on the depicted ns-scale (green trace) indicating fast electron
transfer from pre-reduced TyrD to P680•+. The ns-decay can be de-
scribed by an exponential phase with a half-life of about 30 ns. It was
shown by Faller et al. [44] that reduced TyrD is capable of donating an
electron to P680•+ at room temperature on the ns time scale (t1/
2 ~ 190 ns) at pH=8.5 in approximately half of the PS II centers. The re-
ported half-life of ~190 ns at room temperature is somewhat slower
than our rate at 78 K. The reason for this is not clear. Perhaps the use
of Mn-depleted PS II from Synechocystis might be the reason for the dif-
ference between both half-lives.
TyrD oxidation has additionally studied by EPR (see Fig. 8). Trace a
(dark) shows that the normally observed EPR signal from TyrD• is nearly
absent due to the prereduction of TyrD• at room temperature (see Mate-
rials and Methods). The characteristic EPR spectrum of the TyrD radical
[67] arises after the ﬁrst few ﬂashes given to a PS II sample at pH 9.0
with pre-reduced TyrD.
Trace b shows the TyrD• EPR signal after 6 non-saturating laser ﬂashes
at 78 K. Further illumination by cw white light from a 150 W tungsten
lamp leads mainly to photooxidation of Car and/or Chl and a small in-
crease of the TyrD• EPR signal by about 20%. If the EPR signal after 6
laser ﬂashes (see trace b) is multiplied by a factor of about 1.2 and
subtracted from the EPR signal detected after cw illumination, a
“pure” narrow radical-signal at g = 2.0025 is obtained that is assigned
to photo-oxidation of Car and/or Chl (see Fig. 8, trace d). The area calcu-
lated by double integration of derivative EPR signals is a measure of the
radical (spin) concentration in the sample. Relative to the maximal sig-
nal induced by cw illumination (sum of TyrD• , Car•+ and Chl•+) which
corresponds to one radical per PS II, we calculate an area of 11% for
the dark signal and 63% for the signal induced by 6 ﬂashes. The estimat-
ed yield of light-induced TyrD• per PS II of about 60% is in good accor-
dance with the relative amplitude of the ns decay component of
absorbance changes induced by the ﬁrst saturating laser ﬂash (see
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Fig. 8. EPR spectra of PS II complexes from T. elongatus at 15 K with pre-reduced TyrD at
pH 9.0. Trace a shows that the normally observed EPR signal from TyrD• is nearly absent
due to the pre-reduction of TyrD• at room temperature. Trace b shows the characteristic
EPR spectrum of the TyrD radical generated by six non-saturating laser ﬂashes (532 nm)
fromaNd-YAG laser at 80 K. Further illumination by cwwhite light froma 150W tungsten
lamp leads mainly to photo-oxidation of Car and/or Chl and a small increase of the TyrD•
signal by about 20% (trace c). If the EPR signal after 6 ﬂashes (trace b) is multiplied by a
factor of 1.2 and subtracted from the EPR signal detected after cw illumination, a “pure”
narrow radical-signal at g = 2 is obtained that can be assigned to photo-oxidation of
Car and/or Chl (trace d). Double integration of the signals yields the following results:
A(trace c) = 10.8 · 106 (100%); A(trace b) = 6.8 · 106 (63%); A(trace a) = 1.2 · 106
(11%). Experimental parameters for all measurements: microwave frequency 9.56 GHz,
microwave power 10 μW, conversion time 31ms, modulation frequency 12.5 kHz, modu-
lation amplitude 2 G, receiver time constant of 82 ms, 4 scans.In Fig. 9 light-minus-dark absorbance difference spectra at 78 K for
PS II with TyrD initially in the reduced state are depicted. Reduction of
QA is indicated by the band shift centered at 543 nm. If TyrD is pre-
reduced, the state QA•− TyrD• is almost exclusively formed after the ﬁrst
saturating ﬂash in a large fraction of the PS II complexes. In the Qy re-
gion, electrochromic band shifts of nearby Chl a and Pheo a pigments
are induced by the electric ﬁeld of the charge-separated state. Further il-
lumination results in the formation of QA•−(Car/ChlZ)•+. Fig. 9 shows that
most of the reduced TyrD being capable of donating an electron to
P680•+ is already oxidized after the ﬁrst ﬂash.
Fig. 10 shows the relative yield of QA reduction after the ﬁrst saturat-
ing ﬂash (red squares) determined by the amplitude of the band shift
centered at 543 nm and the relative amplitude of the ns decay of the
ﬂash-induced ΔA at 830 nm (black dots) due to P680•+ reduction by
TyrD as a function of the pH. It should be mentioned that the rate of
TyrD oxidation is virtually independent of pH (not shown). The ob-
served pH dependence can be described by a single protonable group
with a pK of approximately 8.4 which is higher than that reported for
Mn-depleted PS II from Synechocystis (pK≈ 7.6) [44,45] but similar to
that determinedwith active BBY particles from spinach (pK≈ 8.0) [46].
Fig. 11 shows the kinetics of electron transfer from pre-reduced TyrD
to P680•+ at selected temperatures. The rate of TyrD oxidation by
P680•+ is virtually independent of temperature between 5 K and
250 K indicating an activationless electron transfer. Oxidation of TyrD
occurs with a half-life of about 30 ns.
Oxidation of TyrD results in the formation of the neutral radical TyrD• .
To obtain information on the coupling between electron and proton
transfer, H/D isotope effects on the reduction kinetics of P680•+ by
TyrD have been studied.We found that the rate and the yield of TyrD ox-
idation by P680•+ is virtually identical upon substitution of solvent ex-
changeable protons with deuterons (see Fig. 12). The absence of a
kinetic isotope effect indicates that the rate is limited by electron trans-
fer and that a proton is not transferred in the rate-limiting step.4. Discussion
4.1. Relationship between the experimentally observed rates and molecular
rate constants
To assign the observed kinetics of TyrZ oxidation to molecular rate
constants, we consider the general kinetic Scheme 1 for the reactions
following the formation of the secondary radical pair P680•+QA•−.
Flash excitation leads to the formation of P680•+ QA•− (see dashed
line). The observed exponential time course for the oxidation of TyrZ500 550 600 650 700
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Fig. 9. Light-minus-dark absorbance difference spectra at 78K for PS IIwith TyrD initially in
the reduced state. If TyrD is pre-reduced, the state QA•−TyrD• is formed in a large fraction of
the PS II complexes already after theﬁrstﬂash. In theQy region, electrochromic band shifts
of nearby Chl a and Pheo a pigments are observed.
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Fig. 10. The relative yield of QA reduction after the ﬁrst ﬂash (red squares) determined by
the amplitude of the band shift centered at 543 nm and the relative amplitude of the ns
decay of the ﬂash-induced absorbance changes at 830 nm (black dots) due to P680•+ re-
duction by TyrD as a function of the pH (T = 78 K). The observed pH dependence can be
described by a single protonable group with a pK of approximately 8.4.
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Fig. 12. Flash-induced absorbance change at 830 nm after the ﬁrst ﬂash given to dark-
adapted PS II samples at pH 9 with pre-reduced TyrD suspended either in H2O (blue
trace) or in D2O (red trace). The rate and the yield of TyrD oxidation by P680•+ is virtually
identical upon substitution of solvent exchangeable protons with deuterons.
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QA
•−P680•þTyrZS1⇄
k1
k‐1
Q •−A P680Tyr
OX
Z S1
with a rate given by the sum of k1 and k−1. The half-life obtained by the
ﬁts can therefore be identiﬁed with ln2/(k1 + k−1). The extent of TyrZ
oxidation is given by the equilibrium constant K = k1/k−1 which is re-
lated to the standard free energy change of the reaction, ΔG0. Since k2
and kr1 are much slower than both k1 and k−1, the equilibrium is
perturbed very slightly by charge recombination with rate constant
kr1 and formation of S2 with rate constant k2. Then, the yield of the
ground state and the S2 state are kr1/(kr1 + Kk2) and k2K/(kr1 + k2K),
respectively.
The kinetic scheme can explain the experimental data if we assume
that the driving force, ΔGo, for the reaction P680•+TyrZ⇔ P680TyrZox
depends on temperature (see below). At room temperature, up to 95%
of P680•+ is reduced by TyrZ in the ns time range in active PS II com-
plexes (see Fig. 1 and refs. [11,15]). Therefore, the equilibrium constant0 100 200 300 400
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Fig. 11. Flash-induced absorbance change at 830 nm after the ﬁrst ﬂash given to dark-
adapted PS II samples at pH 9with pre-reduced TyrD at different temperaturesmonitoring
the electron transfer from pre-reduced TyrD to P680•+.K can be estimated to be≈ 20 corresponding toΔG0≈−80meV. Since
k2K ≫ kr1, the S2-state is formed in virtually all PS II complexes. Upon
lowering the temperature below 250 K, the relative yield of TyrZ oxida-
tion drops (see Fig. 3) indicating that the equilibrium constant de-
creases. At T = 200 K the relative yield is about 50% corresponding to
K = 1 and ΔG0 = 0. As a result, the state QA•−P680TyrZS2 is formed
only in a fraction of the complexes. Subsequent ﬂashes cannot induce
a transmembrane charge separation between P680 and QA in PS II com-
plexes, in which the long-lived or even stable state QA•−P680TyrZS2 is
trapped at low temperature, since QA is already reduced. Therefore,
the initial amplitude of the ﬂash-induced absorbance changes at
830 nm and the amplitude of the ns-decay phase decrease from ﬂash
to ﬂash (see Fig. 4). Assuming kr2≈ 0, the initial amplitude as function
of the ﬂash number n is given by:
ΔAn ¼ ΔA1 1
Bþ 1ð Þn‐1
¼ ΔA1 exp− ln Bþ 1ð Þ n−1ð Þ½  with B ¼ k2Kkr1 ð1Þ
A ﬁt of the data in Fig. 4 yields B ≈ 1.5. With kr1 ≈
345 s−1 (t1/2 ≈ 2 ms) and K = 1 at 200 K, we get k2 ≈
450 s−1 (t1/2 ≈ 1.5 ms). Extrapolation of reported values for
k2, that have been measured in the range between 295 K and 273 K
[68], gives in good agreement k2≈ 350 s−1 (t1/2≈ 2 ms) at 200 K. At
still lower temperatures the equilibrium constant K becomes b1. At
150 K, the yield of TyrZ oxidation is about 10% which corresponds to
K≈ 0.1 and ΔG0≈+30 meV.Scheme 1. Kinetic scheme for the reactions following the formation of the secondary rad-
ical pair P680•+ QA•−.
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rate constant k1 should bediscussed. The rate constant k1 for TyrZ oxida-
tion can be obtained from the measured apparent rate constant k
(=k1 + k−1) (see Fig. 3 inset) and the equilibrium constant K =
k1/k−1 as function of temperature. An Arrhenius plot of ln(k1) as a
function of the reciprocal of temperature gives a straight line with
a somewhat steeper slope than that of the apparent rate constant
depicted in the inset of Fig. 3 (not shown).
4.2. Energetics of TyrZ oxidation
Energetics andmechanism of TyrZ oxidation that involves both elec-
tron and proton transfer have beenwidely discussed in the literature [1,
2,19–21]. An extensive treatise on the subject has been presented more
recently by Müh and Zouni [2]. Therefore, we will use the same abbre-
viations and symbols in order tomake comparisonwith their discussion
easier. In aqueous solution, the midpoint potential Em of tyrosine is pH
dependent, since the redox reaction is coupled to release or binding of
the phenolic proton (see Scheme 2).
Em as a function of pH is given by
Em ¼ Em YH•þ=YH
 þ 2:303RT
F
log
10‐pH þ 10‐pKred
10‐pH þ 10‐pKox
 !
: ð2Þ
The black curve in Fig. 13A shows the pH dependence of Em and has
been calculated with the following parameters [2,20]: pKred = 9.9,
pKox =−2, Em(YH•+/YH) = 1380 mV and T = 300 K. Below an esti-
mated value of pKox =−2, the pH independent potential of the couple
YH•+/YH is about 1380 mV [20] which is signiﬁcantly more positive
than that of the P680•+/P680 couple (see dashed red line in Fig. 13a).
Above pH = pKred = 9.9, the Y•/Y‐-couple has a pH-independent po-
tential of about 0.68 V. In the range pKox b pH b pKred, Em decreases by
59 mV per pH at T = 300 K.
The pH dependence of the midpoint potential ensures that P680•+
can drive the oxidation of TyrZ in the physiological pH range between
pH 4 and 8, if the release of the phenolic proton is coupled to the elec-
tron transfer. Most experimental data support this description showing
that TyrZ is protonated in the reduced state and deprotonated in the ox-
idized state (see Refs. [7,19–21] for a discussion of results obtained by
magnetic resonance methods and FTIR).
The properties of a redox component embedded in a protein can be
strongly affected by protein-cofactor interactions. In the case of TyrZ and
TyrD in PS II, Scheme 2must be extended by a nearby proton acceptor B.
Most likely Nε of the imidazole ring of D1-His190 accepts the phenol
proton upon TyrZ oxidation [7,19–21,69]. D1-His190 is most likely neu-
tral and has an asparagine (D1-Asn298) acting as H-bond partner for
the protonated Nδ of D1-His [6]. Thereby, the phenolic proton can
move back and forth along the hydrogen bond between TyrZ–OH and
Nε-His during TyrZ oxidation and reduction. The distance between the
phenolic O and Nε-His is remarkably short with 2.46 Å [6,70]. TheScheme 2. Pathways of proton and electron transfer in the oxidation of tyrosine in
solution.minimal model corresponds to a diprotic redox component as shown
in Scheme 3. B stands for Nε-His.
In this case, Em as a function of pH is given by:
Em ¼ Em YH•þ⋯B=YH⋯B
 
þ 2:303RT
F
log
1þ 10‐pH10‐pK B1ð Þred þ 10‐pK þð Þred 10‐pK B1ð Þred þ 10‐pK 0ð Þred 10‐pH
1þ 10‐pH10‐pK B1ð Þrox þ 10‐pK þð Þox 10‐pK B1ð Þrox þ 10‐pK 0ð Þox 10‐pH
 !
:
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Using the same parameters as Müh and Zouni (see Ref. [2] and leg-
end to Fig. 13) as a starting point, the pH dependence of Em calculated
for room temperature is depicted in Fig. 13A by the blue curve (T =
300 K). The up/down arrow at pH 6 indicates that TyrZ oxidation by
P680•+ is a thermodynamically favored process at room temperature.
At physiological pH values, the form YH····B (blue curve) predomi-
nates in the reduced state (see the range between the dashed vertical
lines in Fig. 13B top) in accordance with spectroscopic data (see
Introduction). The form Y─····HB+ (red curve) exists in about 13.5%
of the PS II complexes corresponding to KPT = 0.16. The equilibrium
constant of the proton transfer reaction YH····B↔ Y─····HB+ is relat-
ed to the pKa-values of YH and HB+: log KPT= pKHB+− pKYH. Using the
pKa-values in solution (pKYH≈ 10 and pKHB+≈ 6 one obtains KPT =
10−4. Our KPT value of 0.16 differs by more than 3 orders of magnitude,
but is in accordancewith recentQM/MMcalculations indicating that the
energy barrier to proton transfer is small [70]. This is expected for a
strong hydrogen bond (=short distance) between donor and acceptor
groups with ΔpKa≈ 0. Due to these calculations the PS II protein sur-
rounding modiﬁes the pKa-values via electrostatic interactions. Addi-
tionally, the formation of the positive charge located on P680 will
most likely inﬂuence the potential energy curve for proton transfer.
A problem with the parameters taken from Ref. [2] becomes appar-
ent if themole fractions of the different protonation states are calculated
in the oxidized state as a function of pH. In the oxidized state (see
Fig. 13B bottom), the mole fraction of the form Y•····B (cyan colored
curve) is virtually 1 above pH 4. This is in contradiction to a recent
FTIR study [24] and to measurements of electrochromic absorbance
changes upon TyrZ oxidation [10,22]. These studies give strong evidence
that the phenolic proton is trapped by D1-His190 and that the proton
remains on this His during the lifetime of TyrZ• . The transferred proton
may then move back to TyrZ• upon its reduction by the Mn4Ca-cluster.
Taking this into account, we have used Eq. (3) and adjusted the param-
eters (the new parameters are given in the ﬁgure legend to Fig. 13C and
D) so, that the form Y•····HB+ (see the red curve in Fig. 13D) predom-
inates at pH values between pH 4 and 8. The consequences for the pH-
dependence of the midpoint potential are presented in Fig. 13C.
A remarkable consequence of these parameters is that Em is virtually
constant andpH independent betweenpH4 and 8. Thiswould easily ex-
plain that the rate of TyrZ oxidation is essentially pH independent be-
tween pH 4.5 and 7.5 in intact oxygen-evolving PS II [12]. The
calculations show that the involvement of the protein surrounding en-
ables the tuning of the midpoint potential of TyrZ oxidation via the rel-
evant pKa values. The up/down arrow in Fig. 13C indicates that TyrZ
oxidation by P680•+ is a thermodynamically favored process between
pH 4 and pH 8 at room temperature.
The temperature dependence of the energetics has been discussed in
connection with the measured yield of TyrZ oxidation (see Fig. 3 and
ﬁrst paragraph of the discussion). A calculation starting from Eq. (3)
cannot be performed, since the temperature dependencies of the pK-
and Em-values are not known. Upon cooling to low temperature, pro-
tonation and deprotonation reactions involving proton transfer be-
tween the aqueous medium and the protonable group embedded in
the protein will freeze out below the glass transition temperature,
whereas the proton transfer along the H-bond to Nε-His190 can most
likely occur at low temperature. As a consequence, reaction Scheme 3
simpliﬁes at cryogenic temperatures as follows (Scheme 4):
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Fig. 13. Energetics of TyrZ oxidation. (A) Calculated midpoint potential Em of tyrosine as a function of pH in aqueous solution (black curve) (using Eq. (2) with the following parameters:
pKred = 9.9; pKox =−2, Em(YH•+/YH) = +1380 mV and T = 300 K and in active PS II with a nearby H+-acceptor B (e.g. Nε-D1-His190) at 300 K (blue curve) (using Eq. (3) with the
following parameters taken from Ref. [2]): pKred(+) = 2.5, pKredB1 = 1.7, pKred(0) = 12.5, pKox(+) =−9.4, pKoxB1 =−8.7, pKox(0) = 0.6 and Em(YH•+ B/YH B) =+1291 mV; (B) mole fraction of
the indicated species in the reduced (top) and oxidized (bottom) form of tyrosine in PS II with a nearby H+-acceptor B as a function of pH using the parameters given for the blue
curve in (a); (C) Calculated midpoint potential Em of tyrosine as a function of pH in PS II with a nearby H+-acceptor B (e.g. D1-His190) at 300 K calculated by Eq. (3) with the following
parameters: pKred(+)= 2.5, pKredB1 =1.7, pKred(0) = 12.5, pKox(+)= -5.4, pKoxB1=−2.0, pKox(0)= 5.6 and Em(YH•+B/YH B)=+1317mV; (D)mole fraction of the indicated species in the oxidized
form of tyrosine in PS II with a nearby H+-acceptor B as a function of pH using the parameters given in (c). The physiological pH range is indicated by vertical dashed lines.
1292 E. Schlodder et al. / Biochimica et Biophysica Acta 1847 (2015) 1283–1296It can be assumed that the state YH····B lies energetically below the
state Y─····HB+. Therefore the state YH····B is presumably exclusively
present at cryogenic temperature and oxidation of TyrZ can only be ini-
tiated by electron transfer as the ﬁrst step which is thermodynamically
unfavorable because of the high potential of the YH•+····B/YH····B
couple. Em(YH•+····B/YH····B) N +1300 mV has been estimated atScheme 3. Reaction scheme of proton and electron transfer in the oxidation of TyrZ (=Y)
with an adjacent proton acceptor B (=D1-His190) in PS II modeled as a diprotic acid.room temperature (see gray dashed line in Fig. 13C). At cryogenic tem-
perature, this value could be considerablymore positive because the re-
organization of the surrounding leading to a stabilization of the oxidized
state YH•+····B should be strongly diminished at low temperature.
If the protein is frozen in different conformational substates [71], the
Gibbs free energy for the electron transfer might vary between these
substates. This could give rise to a situation where electron transfer
might be downhill in a small fraction of PS II complexes. A subsequent
proton transfer then leads to Y•····HB+. This might explain the so-
called metalloradical EPR signals in a minority of PS II complexes (see
SI, Fig. S3) that have been detected in intact oxygen-evolving PS II afterScheme4.Pathways of protonand electron transfer in theoxidation of TyrZ in PS II at cryo-
genic temperatures.
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assigned to the light-induced formation of the neutral oxidized TyrZ rad-
ical that interacts magnetically with the Mn4Ca-cluster [32–36]. A high-
ﬁeld EPR study using acetate-treated PS II from T. elongatus indicates
that the coupled radical is in a less electropositive environment than
the radical in Mn-depleted PS II [72].
4.3. Kinetics of TyrZ oxidation
The apparent rate constant of TyrZ oxidation in oxygen evolving PS II
is about ln2/(20 ns)= 3.5 · 107 s−1 at room temperature, if theMn4Ca-
cluster is in the S0 or S1 state prior to the ﬂash. The ns kinetics remains
essentially the same in D2O. Isotope effects have only be reported for the
μs phases [13,14]. The temperature dependence revealed an activation
energy of 122 meV for the apparent rate constant (see Fig. 3 and Ref.
[29]). The reaction pathway, that is favored by most authors (see
Scheme 5), assumes a fast pre-equilibrium between the protonated
and deprotonated state of reduced tyrosine and the oxidation of
deprotonated tyrosine (see Scheme 3, reactions marked in bold letters)
by P680•+ as rate limiting step. The absence of an isotope effect supports
the assumption that the electron transfer step is rate limiting.
Since the equilibriumof the overall reaction lies to the right at 300 K,
the apparent rate is about equal to K
PT
red
1þKPTred
ket, where ket is the electron
transfer rate constant. A rough estimate of this rate constant can be ob-
tained by non-adiabatic electron transfer theory.
According to Marcus theory the rate of electron transfer ket can be
calculated by [73–75]:
ket ¼ Vifj j2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
π
ℏ2kTλ
r
exp −
ΔG0 þ λ
 2
4λkBT
2
64
3
75: ð4Þ
ΔG0 represents the standard Gibbs free energy relevant for the elec-
tron transfer step and λ is the reorganization energy. Vif is the electronic
coupling between the initial and ﬁnal states. The activation energy EA
determined by the Arrhenius plot (see Fig. 3 inset) can be calculated by
EA ¼
ΔG0 þ λ
 2
4λ
−
1
2
RT: ð5Þ
Using the parameters given in the ﬁgure legend to Fig. 13C,
Em(Y•···HB+/Y─····HB+) is +1070 meV. Therefore, the relevant ΔG0
for the oxidation by P680•+ is approximately −(1200 − 1070)
meV=−130meV. The overallΔG0 for the oxidation by P680•+ is indi-
cated in Fig. 13c by the arrow and has been adjusted to be−80 meV.
Using the measured activation energy of 122 meV (see Fig. 3 inset), we
obtain for the reorganization energy 770 meV close to previous
estimates [20,51]. We are aware that this analysis gives only a rough
estimate of the reorganization energy since the values of Em(Y•··· HB+/
Y─····HB+) and Em(P680•+/P680) are not accurately known. However,
a variation of the relevant ΔG0 for the electron transfer reaction by
about±40meV is accompanied by only small changes of the reorganiza-
tion energy: λ= 650 meV for ΔG0 =−90 meV and λ= 830 meV for
ΔG0 =−170 meV.Scheme5. Kinetic scheme of TyrZ oxidation assuming a fast pre-equilibrium between the protonFor estimating the electron transfer rate ket, we use an expression
derived fromMarcus theory by Dutton, Moser, and coworkers [75]:
log ket ¼ 13− 1:2−0:8  ρð Þ R−3:6ð Þ−3:1
ΔG0 þ λ
 2
λ
ð6Þ
where ρ is the packing density of the protein medium between the
redox centers, and R is the edge-to-edge distance between the redox
centers in Å. With ΔG0 and λ as given above and R = 9.0 Å [5,6], ρ=
0.75 [75] we obtain ket = 1.3 · 108 s−1 and an apparent rate of
1.8 · 107 s−1 using KredPT = 0.16. The agreement with the measured
rate of 3.5 · 107 s−1 is excellent taking into account the uncertainties
in the parameters. A possible temperature dependence of KredPT was
neglected in the analysis.
It should be noted that a concerted electron and proton transfer,
P680•þ YH    B→P680 Y•   HBþ
where both the electron transfer and proton transfer occur in one step,
has been proposed as an alternative mechanism in the literature (for a
discussion of this topic see Refs. [25–28]). In the concerted mechanism,
formation of charged intermediates is avoided. Furthermore, the entire
driving force is utilized in the combined electron-proton transfer to dif-
ferent acceptors, whereas in the sequential PCET mechanism one of the
consecutive steps, either proton transfer or electron transfer, is usually
endergonic. It may be questioned, however, whether the advantages
play an important role in the case of the tyrosine oxidation. (a) If the
phenolic proton is trapped in D1-His190, the positive charge is located
very close to TyrZ. (b) In the sequential PCET mechanism described
above the formation of the state Y─····HB+ is uphill, but the standard
free energy of reaction is only ca. +50 meV. Although the question, of
whether TyrZ oxidation occurs in two consecutive steps or in one con-
certed reaction, cannot be fully clariﬁed, it should be pointed out that
our experimental results can be explained satisfactorily by the assump-
tion of two consecutive steps: (1) The measured rate and the depen-
dence of the rate on temperature and pH (see Fig. 3, inset and Ref.
[12]), (2) the absence of an isotope effect [13,14], and (3) the yield of
TyrZ oxidation as a function of temperature [see Fig. 3]. Furthermore,
themeasured rate is in accordancewith that expected for the sequential
pathway involving initial proton transfer.
4.4. TyrZ oxidation in PS II with inactivated oxygen evolution
In PS II with inactivated oxygen evolution, the kinetics of TyrZ
oxidation is drastically changed (for reviews see Refs. [19–21]). Inacti-
vation is generally associated to the release ofmanganese. The oxidation
of TyrZ slows down by two or three orders of magnitude and occurs on
the μs time scale. The rate shows a characteristic pH-dependence with
half-lives of ≈30 μs at pH 4, ≈5 μs at pH 6.5 and ≈ 180 ns at pH 8.5
[16,17]. In subsequent studies, the kinetics was analyzed by a sum of
up to three exponentials with rate constants depending only slightly
on the pH and relative amplitudes varying considerably as a function
of pH [69,76–78]. The pH-dependence of the kinetics indicates an
apparent pKa between 6.5 and 8 [69,76–78], above which the rate is
rapid and constant (≈ 5 · 106 s−1). The activation energy is increased
from about 0.1 eV in active PS II to 0.28–0.48 eV depending on the
sample conditions (treatment for inactivation, pH, etc). The smallestated and deprotonated state of reduced TyrZ and the oxidation of TyrZ as rate limiting step.
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[19–21,78] and references therein). The substantial kinetic H/D isotope
exchange effect at pH ≤ 8.0 of 1.7–3.6 indicates that electron transfer is
not the rate-limiting step of TyrZ oxidation in inactive PS II below the ap-
parent pKa [69,76–78]. The oxidized TyrZ can be reduced by added ex-
ternal reductants on the ms time scale, whereas the accessibility of
external reductants is very low in active oxygen-evolving PS II. It should
be noted that the characteristics of TyrZ oxidation in Mn depleted PS II
(e.g. activation energy or the apparent pKa) vary considerably depend-
ing on the treatment for inactivation (Tris-, high pH-, NH2OH- or heat-
treatment) (unpublished results, Schlodder et al.).
Since the properties of TyrZ in inactive PS II are dramatically different
from that of active PS II, onemust be very careful to transfer results from
Mn depleted PS II to active, oxygen-evolving PS II. Various suggestions
have been discussed in the literature to explain the altered behavior.
Most likely, the removal of the oxygen-evolving Mn4Ca-cluster in-
creases the accessibility of the suspension medium leading to a more
hydrophilic surrounding of TyrZ. In addition, the hydrogen bonding net-
work may be disturbed and pK-values may be altered. If the pH-
dependence of the midpoint potential Em of tyrosine becomes similar
to that shown Fig. 13A, blue curve (i.e. Em decreases as a function of
pH in the range pKox b pH b pKred), the driving force of TyrZ oxidation
will increase with increasing pH. This could explain the observed pH-
dependence of the rate of TyrZ oxidation in inactive PS II. The slower
rate of TyrZ oxidation upon removal of the Mn4Ca-cluster can be attrib-
uted to the increase in the activation energy. The measured increase of
the activation energy by a factor of about 2.5 would explain the ob-
served decrease in the rate by about three orders of magnitude. Assum-
ing that the electron transfer step determines the rate, a higher
activation energy can be explained by an increase in the reorganization
energyλ, whichwould be consistentwith the idea that TyrZ is located in
a more hydrophilic environment with an increased water content after
Mndepletion. Using Eq. (5) for an estimation, a reorganization energy of
about 1.3 eV is calculated using an activation energy of 0.28 eV and
ΔG0= 0.1 eV. This value is rather high for a reaction limited by electron
transfer. If one considers, in addition, the observed isotope effect, it
seems likely that proton transfer is involved in the rate-limiting step
of TyrZ oxidation in Mn depleted PS II. A barrier to proton transfer
could be the result of a distortion of the optimal H-bond geometry
and/or changes of the pK values upon removal of the Mn4Ca-cluster.
To explain the pH-dependence of the rate of TyrZ oxidation in
Mn-depleted PS II complexes, Rappaport et al. [78] proposed a
switch between a concerted proton/electron transfer at pHs b 7.5
to a sequential one at pHs N 7.5. In a detailed study, the inﬂuence of
the driving force for electron transfer and that for proton transfer
was investigated in Mn-depleted PS II. TyrZ was replaced by 3-
ﬂuorotyrosine, a tyrosine with a lower pKa (ΔpKa ~ 1.5), and the ef-
fects of the substitution on the rate of P680•+ reduction were ana-
lyzed. Whereas the pH-dependence of the kinetics was found to be
similar in labeled and unlabelled PS II, the fast rate observed at
high pH above an apparent pKa of about 7.5 is higher in labeled PS
II and the activation energy is decreased by about 110 meV. The ki-
netic effects of the Tyr replacement can be accounted for by the
change in pKa (ΔpKa ~ 1.5) assuming a stepwise proton transfer/elec-
tron transfer pathway (see Scheme 5 above). The authors suggest
that the mechanism of Tyr oxidation, observed at alkaline pH-
values in Mn-depleted PS II, is most likely similar to that in intact
PS II at physiological pH values. However, considering the drastic
changes in the environment of TyrZ by destroying the Mn4Ca-cluster,
reliable conclusions on the reaction mechanism in intact PS II are
hardly possible. The inactivation clearly has an impact on the TyrZ
oxidation kinetics, even in the alkaline pH region. At pH 9.0, P680•+
is reduced in active PS II mainly with a half-life of about 20 ns after
the ﬁrst ﬂash, and only after several ﬂashes the 180 ns kinetics is ob-
served which is characteristic for inactive Mn-depleted PS II from
T. elongatus [12,17].4.5. Oxidation of TyrD
The second redox-active tyrosine in PS II, TyrD is located symmetri-
cally to TyrZ on the D2 subunit (D2-Tyr160). Site-directed mutagenesis
experiments give evidence that TyrD is not essential for PS II function
[40,79]. Under physiological conditions, TyrD can also be oxidized by
P680•+. However, there are signiﬁcant differences to TyrZ: (a) the very
slow oxidation kinetics, (b) the midpoint potential being about
250 mV more negative than that of TyrZ; and (3) the extreme stability
of the radical TyrD• [7,19–21]. Faller et al. [44] showed that at room tem-
perature, the oxidation of TyrD by P680•+ is rapid at high pH (t1/
2≈ 190 ns). The amplitude of TyrD oxidation on the ns time scale in-
crease with an apparent pK of 7.7. The pH-dependence of TyrD• forma-
tion was conﬁrmed in low-temperature studies showing that YD can
be oxidized at 15 K [45,46].
Our results on TyrD oxidation can be summarized as follows: (1) At
pH 9, up to 60% of the photo-oxidized P680 is reduced by TyrD after
the ﬁrst ﬂash given to dark-adapted oxygen-evolving PS II complexes.
The extent of P680•+ reduction by TyrD as a function of pH can be de-
scribed by a single protonable group with a pK of approximately 8.4
which is slightly higher that that reported earlier [44–46]. The reason
for this is not clear. Perhaps the use of Mn-depleted PS II from
Synechocystis might be the reason for the difference. It should be
noted that TyrZ oxidation has not been detected at cryogenic tempera-
tures independent of the pH value. (2) The rate of TyrD oxidation by
P680+ is independent of temperature between 5 K and 250 K indicating
an activationless electron and proton transfer. Oxidation of TyrD occurs
with a half-life of about 30 ns. The half-life of about 30 ns is somewhat
faster than that reported earlier (~ 190 ns at pH = 8.5) using Mn-
depleted PS II complexes from Synechocystis [44]. (3) The rate of TyrD
oxidationby P680+ is virtually identical upon substitution of solvent ex-
changeable protons with deuterons.
The absence of a kinetic isotope effect suggests that the electron
transfer step is rate limiting for the oxidation of TyrD. The electron trans-
fer reaction from pre-reduced TyrD to P680•+can be described by non-
adiabatic electron transfer theory. An activationless electron transfer
takes place when−ΔGo = λ; ΔGo is the standard Gibbs free energy of
reaction and λ is the reorganization energy (see Eq. (4)). Based onmid-
point potentials reported in the literature, ΔGo (P680•+TyrD → P680
TyrD• ) can estimated to be about−500meV (see Ref. [1] and references
therein). A reorganization energy of ~ 500 meV, which might be com-
pared toλ ≅ 770meV for P680•+TyrZ→ P680TyrZ• [see above] seems rea-
sonable taking into account that the surrounding of TyrD is more
hydrophobic than that of TyrZ [6,19–21]. If −ΔGo = λ, the maximal
rate k can be calculated using log k = 13 − (1.2 − 0.8 ⋅ ρ)(R − 3.6)
(see Eq. (6)).
With R ≅ 16.2 Å between TyrD and PD1 [5,6] ρ=0.75 [75]we obtain a
rate of only 3.105 s−1. (t1/2 = 2.5 μs) which is far too slow compared to
the observed rate (t1/2= 30 ns). Therefore, direct electron transfer from
TyrD to PD1•+ can be excluded although there is evidence for a dominant
localization of the cation on PD1 [8–10]. It is more likely that TyrD do-
nates the electron to PD2 provided that the cation is at least partially
delocalized between PD1 and PD2. Assuming that the cation is located
entirely on PD2, the maximal rate can be calculated with R ≅ 9 Å [5,6]
to be about 6.109 s−1. (t1/2 = 120 ps). This rate is faster by a factor of
250 than the experimentally determined rate. Assuming that the rate
is proportional to the spin density [80], this difference indicates that
only about 1% or even less of the cation is located on PD2. This value is
even lower than that estimated earlier [8–10].
Recently, the H-bonding environment of TyrD has been analyzed
using the 1.9-Å crystal structure of Photosystem II [6] and quantumme-
chanics/molecular mechanics calculations [43]. Similar to TyrZ, TyrD is
predicted to hydrogen bond to a histidine (D2-His189). However, D2-
His189 has the = NH group of D2-Arg294 as H-bond partner for Nδ-
His instead of an asparagine (D1-Asn298). The consequence could be
that the neutral His189 is protonated at the Nε site and therefore cannot
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However, a water molecule proximal to TyrD has been identiﬁed in the
1.9 Å structure [6], whichmight be able to form a hydrogen-bond to the
phenolic O of Tyr and to accept the phenolic proton. It has been pro-
posed that this water can reorient and move to a distal position where
it is connected to D2-Arg180 and further to a hydrogen bond network
that may function as a transfer pathway for the proton to the lumenal
surface [6,43]. These structural differences might be the reason for
(a) the slow oxidation of TyrD, because the H-bond from the phenolic
O to the proximal water is not barrier-less, and (b) for the high stability
of the radical, because the back transfer of a proton coupled to the re-
duction of TyrD• is thermodynamically unfavorable [43].
In order to explain the dramatic increase of the rate of TyrD oxidation
at high pH values, a deprotonation of the H-bond network around TyrD
with a pKa of about 8 has been suggested by Saito et al. [43].
H2O  H‐TyrD‐O  H Nε‐His‐Nδ½ → H2O TyrD‐O   H  Nε‐His‐Nδ½ ‐ þ Hþ
After deprotonation the situation is similar to that around TyrZ.
QM/MM calculations based on the structural model of Umena et al.
[43] indicate that the energy barrier to proton transfer along the hydro-
gen bond between the phenolic O and Nε-His is small. This is one pre-
requisite for rapid activation-less oxidation of TyrD. The others are the
optimum conditions for electron transfer, which seem to exist for
TyrD, while an activation energy of about 120 meV has been observed
for the electron transfer step in the case of TyrZ in active oxygen-
evolving PS II complexes.
5. Conclusion
The comparison of the redox reactions of TyrZ and TyrD shows that
the characteristic features of the proton-coupled electron transfer de-
pend signiﬁcantly on interactionswith the protein surrounding. This in-
volves the potential energy curve for proton transfer from the phenolic
O to theproton acceptor and theparameters essential for electron trans-
fer (e.g. the Em value of Tyr and the reorganization energy).
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